In the past few years, research in the underlying pathogenic mechanisms of acute myeloid leukaemia (AML) has led to remarkable advances in our understanding of the disease. Cytogenetic and molecular aberrations are the most important factors in determining response to chemotherapy as well as long-term outcome, but beyond prognostication are potential therapeutic targets. Our increased understanding of the pathogenesis of AML, facilitated by next-generation sequencing, has spurred the development of new compounds in the treatment of AML, particularly the creation of small molecules that target the disease on a molecular level. Various new agents, such as tyrosine kinase inhibitors, immune checkpoint inhibitors, monoclonal or bispecific T-cell engager antibodies, metabolic and pro-apoptotic agents are currently investigated within clinical trials. The highest response rates are often achieved when new molecularly targeted therapies are combined with standard chemotherapy. Presented here is an overview of novel therapies currently being evaluated in AML.
Acute myeloid leukaemia (AML) is a genetically heterogeneous disease, characterized by the accumulation of acquired genetic changes in haematopoietic progenitor cells that alter mechanisms of self-renewal, proliferation and differentiation Papaemmanuil et al, 2016) . It is the most common myeloid leukaemia in adults, with an incidence of 3-8 cases per 100 000 adults per year, rising to 9-17 cases per 100 000 adults aged 65 years and older. The median age at presentation is about 70 years (Juliusson et al, 2009 ). The median overall survival (OS) after 5 years in younger (18-60 years) adult AML patients is roughly 40%, and the disease is even more detrimental in older individuals, with only around 10% surviving patients above the age of 60 years (Schlenk & D€ ohner, 2013) . Hence, there is a high medical need to improve the outcome of AML patients.
The progress of unravelling the pathogenesis in AML and the discovery of new molecular markers have increased our understanding of leukaemogenesis. Based on the currently updated version of the European LeukaemiaNet (ELN) risk stratification by genetics, the majority of AML patients can be classified into different risk categories (D€ ohner et al, 2017) according to their genetic and molecular abnormalities as outlined in the World Health Organization classification (Swerdlow et al, 2008) and the genetically based classification provides the background for molecularly targeted strategies.
Until recently, most patients have been treated by similar chemotherapeutic regimens (Roboz, 2012) . In the last decade, the treatment options for AML have expanded as a result of the discovery of genetic abnormalities, but only two new non-targeted drugs have been approved by the US Food and Drug Administration (FDA) and the European Medicine Agency (EMA) in this period. Until recently, the only approved targeted therapies were all-trans retinoic acid (U.S. Department of Health and Human Services, 1995) and arsenic trioxide (Antman, 2001 ) for acute promyelocytic leukaemia, which accounts for 10-15% of AML cases (Yamamoto & Goodman, 2008) . However, the first major breakthrough in AML therapy in many years is represented by the approval of midostaurin for FLT3-mutated AML , which can be found in roughly 30% of AML patients (Kayser & Levis, 2014) . Very recently, two new compounds, CPX-351, a liposomal formulation of cytarabine and daunorubicin that allows more effective delivery to the malignant cells, and enasidenib, an IDH2 inhibitor, received FDA approval for the treatment of AML as outlined below.
Over the last decade, improved sequencing techniques have led to a better understanding of the genetic drivers of AML. To a larger extent, current clinical research focuses on a genotype-specific treatment strategy that may offer a higher grade of effectiveness of the administered therapy and is hoped to be accompanied with reduced toxicity. Finally, these results are expected to translate into an increase in cure rates with improved survival. As new markers have been found and established and more and more targeted treatment is available, the upfront diagnostic approach and reporting is increasingly needed and of increasing importance for any further treatment and outcome of patients.
Potential new therapeutics comprise tyrosine kinase inhibitors (TKI), immune checkpoint inhibitors, monoclonal or bispecific T-cell engager antibodies, metabolic and pro-apoptotic agents (Table I) .
In particular, targeting FLT3-kinase signalling seems to be very attractive due to the high incidence of approximately one-third of AML patients with a FLT3-mutation (Kayser & Levis, 2014; .
In this article, we present a mechanism-based overview of novel agents currently in clinical trials that have published data or have been presented at a major international meeting. New drugs are introduced at a rapid pace and so this review is not meant to be exhaustive. Rather, we focus on those agents that will probably pave the road to success.
FLT3 tyrosine kinase inhibitors

Midostaurin
Midostaurin (Rydapt â , Novartis Pharmaceuticals, Inc.) is the first TKI to be approved as monotherapy for advanced systemic mastocytosis displaying a KIT mutation or mast cell leukaemia with or without an associated haematological nonmast cell lineage disorder as well as in combination with standard intensive chemotherapy for adult patients without age restriction with newly diagnosed FLT3-mutated AML . The approval of midostaurin in FLT3-mutated AML is based on the positive results from the large, international randomized phase III trial (Cancer and Leukemia Group B [CALGB] 10603/RATIFY, NCT00651261; Stone et al, 2017) . The study scheme consisted of the addition of midostaurin or placebo to standard intensive "7 + 3" induction chemotherapy as well as four cycles of high-dose cytarabine (HiDAC) as consolidation therapy. In all patients, maintenance therapy of 1 year with midostaurin or placebo according to initial randomization was intended. Although not specifically mandated, allogeneic stem cell transplantation (allo-SCT) was performed in 25% of patients in first complete remission (CR) and 57% of patients overall. The combination of midostaurin to intensive chemotherapy significantly improved OS in younger adults with FLT3-mutated AML with a hazard ratio (HR) of 0Á78 (95% confidence interval [CI]: 0Á63-0Á96, P-value: 0Á009), translating into a median OS of 74Á7 months for the midostaurin arm (range, 31Á5 months-not reached) as compared to 25Á6 months for the placebo-arm (range, 18Á6-42Á9 months). Interestingly, this improvement was regardless of the FLT3 mutational status (either internal tandem duplication [ITD] or tyrosine kinase domain [TKD] ) or the FLT3-ITD allelic ratio. Actually, patients with a FLT3-TKD had the lowest HR (0Á65) as compared to placebo. Furthermore, patients receiving an allo-SCT in first CR had better outcome if they were treated with midostaurin during induction therapy (P = 0Á08), suggesting that the optimal treatment strategy in FLT3-mutated AML would be to move on to allo-SCT early in first CR . Given the remarkable difference in survival after allo-SCT early in first CR in patients treated with midstaurin as compared to those treated with placebo, it is tempting to speculate that the addition of midostaurin to intensive chemotherapy would be able to significantly reduce minimal residual disease (MRD). Given that pre-transplant MRD has been shown to be predictive for post-transplant outcome Anthias et al, 2014; Bastos-Oreiro et al, 2014; Kayser et al, 2016) , future comparative studies should also focus on the evaluation of MRD levels following midostaurin treatment.
The most common adverse events (occurring in ≥30% of patients) associated with midostaurin included febrile neutropenia, nausea, exfoliative dermatitis, vomiting, headache, petechiae and pyrexia. However, besides a higher rate of grade ≥3 rash/desquamation and nausea, the occurrence of serious adverse events was not different between intensive chemotherapy and midostaurin as compared to intensive chemotherapy and placebo, implicating that midostaurin was well tolerated .
Given that both a concomitant NPM1 mutation and the allelic ratio of FLT3-ITD have been shown to impact prognosis of cytogenetically normal FLT3-mutated AML, these two characteristics should be evaluated whenever possible (Pratcorona et al, 2013; Schlenk et al, 2014; Ivey et al, 2016) . Particularly in younger patients with a low allelic ratio and a concomitant NPM1 mutation who are MRD negative following induction chemotherapy, the possible risks associated with an allo-SCT should be carefully considered. These patients might be more appropriate candidates for HiDAC consolidation in combination with midostaurin followed by TKI maintenance.
Nevertheless, a significant proportion of patients within the CALGB 10603/RATIFY trial still relapsed within the first 2 years, even in the midostaurin arm , raising the question as to whether or not TKIs with higher FLT3 selectivity would be more efficient. Currently, numerous other, more selective FLT3 inhibitors, such as quizartinib, crenolanib and gilteritinib, are in clinical evaluation (Cortes et al, 2013; Wang et al, 2016; Perl et al, 2017) . Overall, these second-generation inhibitors are significantly more potent and selective with respect to FLT3 inhibition as compared to midostaurin. FLT3-ITD activity but not FLT3-TDK (Kayser & Levis, 2014) . Recently, the phase II study of quizartinib (AC220, Daiichi Sankyo) has reached its accrual goal of approximately 300 patients with AML (AC220-002 trial; NCT00989261). The trial consisted of two treatment cohorts: the first one comprised older patients (≥60 years) who had relapsed after one-first-line chemotherapy regimen within 1 year or were primary refractory to first-line chemotherapy . The second cohort consisted of patients who were ≥18 years of age and had relapsed or were refractory after one-second-line (salvage) regimen or allo-SCT . Most patients in this study were FLT3-ITD positive, but a small number in each cohort lacked the mutation. The primary objective of the trial was to evaluate the composite CR rate (CRc), defined as the combination of CR, CR with incomplete platelet recovery and CR with incomplete haematological recovery (CRi). Within both treatment cohorts, quizartinib as a single agent has shown promising efficacy, leading to a CRc of 46-54% in relapsed/refractory FLT3-ITD positive AML Levis et al, 2012) . Notably, remission rates were highest in patients who had relapsed after allo-SCT, and a high percentage (37%) of cohort II patients could be successfully bridged to allo-SCT . Patients with FLT3 wild-type also responded to quizartinib, but to a lower extent (CRc rates of 31% and 32% for cohort I and cohort II, respectively). Overall, quizartinib was well tolerated, with manageable toxicities; adverse events included mainly gastrointestinal symptoms, reversible QT prolongation and myelosuppression, possibly related to KIT inhibition. However, one major issue with quizartinib treatment is the occurrence of acquired D835Y TKD mutations on the FLT3-ITD allele, resulting in resistant disease . Thus, remission duration was overall short (~11 weeks) with a median OS of roughly 24 weeks Levis et al, 2012) . Final results of the phase II trial are eagerly awaited.
Results from a cohort comparison of FLT3-ITD mutated patients who were treated with quizartinib as monotherapy within the AC220-002 trial (n = 58) with those from a large historical cohort of AML patients from the United Kingdom National Cancer Research Institute (NCRI) database (n = 118) have recently been presented at the 2017 European Haematology Association (EHA) Meeting (Hills et al, 2017) . Quizartinib treatment was associated with higher CR/CRi rates (40% vs. 3%, P < 0Á0001) and improved median OS (140 days vs. 54 days, P < 0Á0001) as compared to NCRI patients. A greater proportion of patients treated within the AC220-002 trial reached the opportunity to proceed to allo-SCT (40% vs. 8%). In landmark analysis, FLT3-ITD mutated patients appeared to benefit, with longer survival after allo-SCT (HR, 0Á36; P = 0Á0005), suggesting that quizartinib may improve long-term survival by bridging patients to allo-SCT (Hills et al, 2017) .
Currently, an ongoing international phase III trial (QuAN-TUM-R; NCT02668653) is evaluating quizartinib 
Crenolanib
Crenolanib (Arog Pharmaceuticals) is another selective FLT3 inhibitor that inhibits both FLT3-ITD and FLT3-TKD mutations (Galanis et al, 2014) . In a phase II trial in relapsed/refractory AML, single agent crenolanib induced CRi in 12% of patients, largely restricted to patients without prior TKI treatment (23% CRi in TKI-na€ ıve patients vs. 5% CRi in patients with prior TKI treatment) as well as a haematological improvement in 32% (85% of patients had >50% decrease in myeloid blast cell count) (Randhawa et al, 2014) . In a more recent phase II trial of 69 patients with relapsed/ refractory FLT3-mutated AML, CR/CRi rates of 37% and 15% could be achieved in TKI-na€ ıve patients and patients with prior TKI therapy, respectively (Cortes et al, 2016a) . In addition, at the 2016 Annual Meeting of the American Society of Hematology (ASH), Wang et al (2016) presented the results of 38 adult FLT3-mutated AML patients (median age: 58 years, range: 19-75 years), who had been enrolled within a phase II trial in newly diagnosed FLT3-mutated AML (NCT02283177). The treatment scheme was again comparable to the CALGB 10603/Ratify trial and consisted of standard "7 + 3" induction with cytarabine 100 mg/m 2 /day for 7 days and either daunorubicin (<60 years: 90 mg/m 2 ; ≥60 years: 60 mg/m 2 ) or idarubicin 12 mg/m 2 for 3 days.
Crenolanib 100 mg three times daily (TID) was administered starting on day 9 until 72 h prior to next chemotherapy. Reinduction was permitted for patients with inadequate leukaemia cytoreduction. Up to four cycles of age-adapted consolidation consisting of six doses of HiDAC (<60 years: 3 g/m 2 ; ≥60 years: 1 g/m 2 ) were given, with crenolanib starting on day 7. Eligible patients could proceed to allo-SCT and maintenance therapy with crenolanib was planned for 12 months for all patients. CR or CRi after first and/or second induction therapy were achieved in 28/32 (88%) evaluable patients and 16 (42%) patients went on to allo-SCT. Overall, crenolanib was well-tolerated in combination with chemotherapy, with only six patients requiring crenolanib dose reductions (four were in patients >60 years). The most frequent adverse events observed within the trial included diarrhoea (41%), nausea (38%), rash (38%) and oedema (34%). Crenolanib did not affect the QTc interval. Most of the patients had full white cell count recovery after first induction therapy, probably owing to the lack of KIT inhibition by crenolanib at clinically achievable concentrations. At the time of presentation, median follow-up was 6 months without any relapses in FLT3-mutated AML (Wang et al, 2016) . Although the results are premature, they look very promising and accrual to this trial continues. Encouraging results had also been presented at the 2016 ASH Meeting in patients with primary relapsed or refractory AML treated with high-dose cytarabine and mitoxantrone (HAM) followed by crenolanib (Iyer et al, 2016) . Within this trial, crenolanib was given orally at a dose of 100 mg TID, starting from day 8 continuously for a maximum of 49 days per cycle (2 cycles of treatment were allowed). At the time of presentation, eight patients had been enrolled, three of whom were FLT3-mutated. The median age was 64 (range 36-78 years). Six out of eight patients were evaluable for responses with a CR rate of 67% (2 CR, 2 CRi), including 2 patients who were refractory to front-line chemotherapy. Overall, HAM followed by crenolanib was well tolerated (Iyer et al, 2016) . As a consequence, the trial has been expanded to allow combination of crenolanib with other standard salvage chemotherapies, including MEC (mitoxantrone, etoposide, cytarabine) and FLA(G)-IDA [fludarabine, cytarabine, (granulocyte colony-stimulating factor), idarubicin] (NCT03250338). In addition, a confirmatory, multi-centre, pivotal trial comparing midostaurin and crenolanib head-to-head in patients exhibiting activating FLT3 mutations is currently in the conceptual planning phase (NCT03258931).
Gilteritinib
Very recently, encouraging results have also been published on gilteritinib (ASP2215, Astellas Oncology) in relapsed/refractory AML patients (Perl et al, 2017) . Comparable to crenolanib, gilteritinib is a novel, highly selective, potent oral FLT3 inhibitor with activity against ITD and TKD mutations (Lee et al, 2017) . Within this multi-centre, open-label phase I/II trial, 265 AML patients had been enrolled and 252 were evaluable for the safety analysis set. All of the patients had been intensively pre-treated: 70% had ≥2 prior AML therapies, 29% had a prior allo-SCT and 25% had prior TKI treatment, with sorafenib most commonly used. Median age was 62 years (age range, 21-90 years) and 76% were FLT3-mutated (191/252). The treatment consisted of single agent gilteritinib once daily, starting with 20 mg up to 450 mg in dose-escalation or concomitant dose-expansion cohorts. The maximum tolerated dose (MTD) was determined to be 300 mg when two of three patients in the 450-mg cohort experienced diarrhoea and/or hepatic transaminase elevation as dose-limiting toxicities. The overall response rate (ORR) was 40%, with 8% achieving CR, 4% CR with incomplete platelet recovery, 18% CRi, and 10% partial remission. The ORR was higher in FLT3-mutated as compared to wild-type patients (ORR = 49% vs. 12%, respectively). Median OS was 25 weeks (95% CI, 20-30 weeks) and median duration of response 17 weeks (95% CI, 14-29 weeks). Taken together, gilteritinib was well tolerated with a high response rate in relapsed or refractory, heavily pre-treated FLT3-mutated AML patients. The survival of these patients appeared to be better than expected for this patient population when treated with standard chemotherapy (Levis et al, 2011; Roboz et al, 2014) . Based on these results, gilteritinib was granted orphan drug designation by the FDA for the treatment of patients with FLT3-mutated AML. Currently, several phase III trials of gilteritinib are underway, including a trial of 120 mg gilteritinb every day (QD) versus salvage chemotherapy in patients with FLT3-mutated relapsed or refractory AML after first-line therapy (NCT02421939), and a trial of gilteritinib versus placebo as maintenance therapy after allogeneic transplant in patients with FLT3-ITD mutations (NCT02997202). In addition, a confirmatory, multi-centre, pivotal trial comparing midostaurin and gilteritinib in patients exhibiting activating FLT3 mutations is currently in the conceptual planning phase.
Isocitrate dehydrogenase (IDH) inhibitors
Mutations in IDH1 and IDH2 are detected in about 8% and 12% of patients with AML, respectively (Papaemmanuil et al, 2016) . IDH1 mutations almost exclusively occur at R132 while IDH2 involve substitutions at R140 or R172 (Stein, 2015) . Functionally, IDH mutations result in arrest of haematopoietic differentiation due increased levels of the oncometabolite 2-hydroxyglutarate leading to DNA hypermethylation via inhibition of histone demethylation (Stein, 2015) . A dose finding study in mainly relapsed/refractory-AML patients with the selective and potent IDH2 inhibitor enasidenib (AG-221/CC-90007; Celgene Corp.) showed promising activity as a single agent in patients with mutated IDH2. Overall, 40% (71/176) relapsed/refractory-AML patients achieved a response and 66 of them had <5% bone marrow blasts without difference according to mutation type, IDH2-R140 or IDH2-R172 . In the dose-escalation phase, MTD was not reached at doses ranging from 50 to 650 mg daily. Enasidenib 100 mg daily was selected for the expansion phase, based on pharmacokinetic and pharmacodynamic profiles, and demonstrated efficacy. Median OS among relapsed/refractory patients was 9Á3 months and 19Á7 months in CR patients. Overall, enasidenib was well tolerated with grade 3/4 hyperbilirubinaemia in 12% and IDHinhibitor-associated differentiation syndrome in 7% of the patients. Based on these results, enasidenib received regulatory approval in the U.S. (1 August 2017) for the treatment of relapsed/refractory AML with an IDH2 mutation as detected by an FDA-approved test. The recommended dose of enasidenib is 100 mg orally once daily until disease progression or unacceptable toxicity.
Comparable results have been reported from a phase I trial with AG-120 (ivosidenib, Agios Pharmaceuticals, Inc.), an IDH1 inhibitor (NCT02074839) (DiNardo et al, 2015) . Although the MTD was not reached in a dose escalation phase up to a dose of 1200 mg daily, the recommended phase II dose was determined to be 500 mg QD. Overall, a response rate of 36% and a CR rate of 18% were achieved. Both inhibitors are currently being evaluated in several clinical trials in newly diagnosed as well as relapsed/refractory AML, as single agent or in combination with chemotherapy (NCT02074839, NCT02073994, NCT02632708, NCT02677922). Other IDH1 (Chaturvedi et al, 2017) and combined IDH1/2 inhibitors (such as AG-881, NCT02492737) have also entered clinical development. Taken together, induction of differentiation and CR support differentiation rather than cytotoxicity as the main mechanism of IDH-inhibitor efficacy (Amatangelo et al, 2017) , a phenomenon that has also been observed in FLT3 mutated AML patients when treated with quizartinib (Sexauer et al, 2012) .
Pro-apoptotic agents
The anti-apoptotic protein B-cell leukaemia/lymphoma-2 (BCL-2), commonly expressed in haematological malignancies, plays an essential role in maintenance and survival of AML cells (Adams & Cory, 2007) . Overexpression of BCL-2 has been implicated in chemo-resistance observed in AML (Pan et al, 2014) . Venetoclax (Venclexta â , ABT-199/GDC-0199; AbbVie Inc.) is a highly selective, oral BCL-2 inhibitor that has shown activity in BCL2-dependent leukaemia and lymphoma cell lines (Andreeff et al, 1999; Souers et al, 2013; Vogler et al, 2013; Pan et al, 2014 ) BCL-2 inhibition has been shown to induce cell death in AML cell lines and primary patient samples in vitro and in mouse xenograft models (Pan et al, 2014; Leverson et al, 2015) . In addition, BCL-2 inhibition induced cell death in progenitor and stem cells from patients with AML (Konopleva et al, 2006; Lagadinou et al, 2013) . The unique role of BCL-2 in leukaemia stem cell survival suggests that BCL-2 inhibition has the potential to eliminate chemotherapy-resistant leukaemia stem cells while sparing normal haematopoietic stem cells (Konopleva et al, 2006; Lagadinou et al, 2013) . In addition, venetoclax has shown clinical activity in patients with lymphoid malignancies (King et al, 2017) . Venetoclax was approved by the FDA in 2016 for the treatment of patients with chronic lymphocytic leukaemia (CLL) with 17p deletion, as detected by an FDA approved test, who have received at least one prior therapy. In Europe, the approval was expanded by the EMA to CLL patients without a 17p deletion when other treatments have failed or are unsuitable. These data provide a rationale for targeted BCL-2 inhibition with venetoclax in AML. In a single agent phase II study evaluating venetoclax at a dose of 800 mg/day in 32 relapsed/refractory AML patients, an ORR of 19% was achieved and anti-leukaemic activity in an additional 19% of . The most promising results of venetoclax in combination with decitabine or azacitidine in newly diagnosed elderly (≥65 years) AML patients not eligible for intensive chemotherapy have recently been presented at the 2017 EHA Meeting (NCT02203773) (Pratz et al, 2017) . Within this phase Ib study, venetoclax patients received either decitabine (20 mg/m 2 /day intravenously on days 1-5), or azacitidine (75 mg/m 2 /day, subcutaneously or intravenously) on days 1-7 of each 28-day cycle in combination with once-daily oral venetoclax. The dose-expansion stage consisted of two venetoclax dose cohorts (continuous 400 mg and interrupted 800 mg dosing) in each arm to determine optimal dose. Tumour lysis syndrome (TLS) prophylaxis was administered in the first cycle to all patients during venetoclax dose ramp-up until the final dose was reached. The ORR was 68%, with response rates of 76% (decitabine) and 68% (azacitidine) in patients who received 400 mg venetoclax as compared to 71% (decitabine) and 60% (azacitidine) in patients who received 800 mg venetoclax, respectively. OS was estimated to be 79% at 6 months and 70% at 12 months, with the median not reached, which compares favourably to published data Gardin & Dombret, 2017) . The safety profile was excellent, with mostly haematological adverse events. No events of tumour lysis occurred (Pratz et al, 2017) . Overall, these data are very promising and a large, international randomized phase III study evaluating azacitidine with or without venetoclax (planned inclusion number: n = 400; NCT02993523) is currently recruiting patients. Additionally, encouraging results had also been presented at the 2017 EHA Meeting on the combination of venetoclax with low-dose cytarabine, again in newly diagnosed elderly (≥60 years) AML patients not eligible for intensive chemotherapy (NCT02287233) . Venetoclax 600 mg was administered orally once daily on days 2-28 of cycle 1 and days 1-28 of subsequent cycles. A 5-day dose ramp-up schedule was followed to reach the 600-mg dose. In addition, low dose cytarabine 20 mg/m 2 was administered subcutaneously on days 1-10 in 28-day cycles. Sixty-one elderly patients (median age, 74 years) were enrolled in the study (escalation, n = 8; expansion, n = 53). Overall, response rate was 61%, with 54% in patients achieving CR/ CRi. More interestingly, response seemed to be independent of other factors, such as age, secondary AML, cytogenetic risk group or prior treatment with hypomethylating agents. Most frequent grade 3/4 adverse events were febrile neutropenia (34%), hypokalaemia (15%), hypophosphataemia (13%) and hypertension (10%) . Based on this encouraging data, venetoclax received FDA breakthrough designation in combination with cytarabine for the treatment of elderly patients with treatment-na€ ıve AML not eligible for intensive chemotherapy. In addition, a large, international phase III randomized trial of venetoclax in combination with low dose cytarabine versus low dose cytarabine alone in treatment-na€ ıve AML patients ineligible for intensive chemotherapy has started recruiting (NCT03069352 
CD33-targeted therapy
CD33 is a promising target as it is highly expressed on most AML leukaemic blast cells and much less on normal haematopoietic cells. The expression decreases with increasing differentiation of the myeloid lineage, and mature granulocytes do not express a significant amount of CD33. It is also not expressed by pluripotent CD34-positive haematopoietic stem cells (Andrews et al, 1983; Simmons & Seed, 1988; Gao et al, 2001; Thol & Schlenk, 2014) . Importantly, the only non-haematopoietic cells expressing CD33 are hepatocytes, which partly explains an important toxicity induced by Gemtuzumab ozogamicin (GO) with veno-occlusive disease (VOD) of the liver (Gao et al, 2001; Thol & Schlenk, 2014) .
Mylotarg
GO (Mylotarg, Pfizer Inc.) is an immunoconjugate, combining an anti-CD33 monoclonal antibody to calicheamicin, a highly cytotoxic antibiotic (Godwin et al, 2017) . After evaluating a series of phase II studies, the FDA approved GO for the treatment of patients with CD33-positive AML in first relapse who were ≥60 years and not suitable for intensive chemotherapy (Bross et al, 2001; Larson et al, 2002) . However, GO was withdrawn from the market in 2010 after a phase III trial comparing standard induction chemotherapy ("7 + 3") with or without GO in patients younger than 60 years showed an increased early mortality rate (6% vs. 1%) (Petersdorf et al, 2013) . However, the dose of daunorubicin was only 45 mg/m 2 as compared to 60 mg/m 2 in the standard arm and the early mortality was consistent with other trials while it was exceptionally low in the standard arm. Consecutively, three other randomized trials have shown improved OS rates with the addition of GO in patients with favourable and intermediate-risk cytogenetics without increased induction mortality (Burnett et al, 2011 Castaigne et al, 2012) . More recently, a meta-analysis of data from several trials reported better survival without increased rates of induction mortality in AML patients with favourable-and intermediate-risk cytogenetics randomized to receive GO along with intensive induction chemotherapy . Of note, treatment with the salvage regimen, combining GO with high-dose cytarabine, all-trans retinoic acid and mitoxantrone, was associated with an excellent CR rate of 50% (H€ utter-Kr€ onke et al, 2016) and was a significant favourable factor in a logistic regression model predicting the probability of CR/CRi achievement after salvage therapy (Wattad et al, 2017) . The FDA approved Mylotarg for the treatment of adults with newly diagnosed CD33-positive AML on 1 September 2017, and also approved Mylotarg for the treatment of patients aged 2 years and older with relapsed or refractory CD33-positive AML. Mylotarg's history underscores the importance of examining alternative dosing, scheduling and administration of therapies as well as the correlation with genetic abnormalities to find out which patients would benefit most from a certain therapy.
Vadastuximab talirine
Since the development of GO, significant efforts have been made to improve CD33 targeting. Vadastuximab talirine (SGN-CD33A, Seattle Genetics) is a CD33-directed antibody conjugated to two molecules of a pyrrolobenzodiazepine (PBD) dimer (Kung Sutherland et al, 2013) . Upon binding, vadastuximab is internalized and transported to the lysosomes where the PBD dimer is released via proteolytic cleavage of the linker, crosslinking DNAand leading to apoptosis. In preclinical studies, SGN-CD33A was more potent than GO against a panel of AML cell lines and primary AML cells in vitro and in xenotransplantation studies in mice (Kung Sutherland et al, 2013) . Single agent vadastuximab induced CR/CRi predominantly in patients with newly diagnosed AML but also in some patients with relapsed/refractory disease at a dose of 40 lg/kg . In addition, vadastuximab has been evaluated in several phase I trials as a monotherapy , in combination with standard induction therapy or with hypomethylating agents . Within these trials, promising response rates of 54%, 78% and 73%, respectively, could be achieved. More importantly, a MRD negative status was achieved in 46%, 74% and 47%, respectively, of patients with a clinical response. Based on these results, a randomized, double-blind phase III trial evaluating the combination of vadastuximab talirine versus placebo in combination with azacitidine or decitabine for elderly patients with newly diagnosed AML (CASCADE trial, NCT02785900) had been initiated. However, six patients who had received allo-SCT either before or after treatment with vadastuximab developed hepatotoxicity secondary to VOD, including four fatal events. Thus, in December 2016, the FDA placed a full clinical hold on the phase I/II trial of vadastuximab monotherapy in pre-and post-allo-SCT AML patients and a partial clinical hold on the two phase I trials evaluating vadastuximab in combination with chemotherapy and hypomethylating agents in newly diagnosed patients. In March 2017, after a comprehensive analysis of the clinical data from over 300 patients treated with vadastuximab, the clinical hold on vadastuximab talirine clinical trials was resolved. However, the pharmaceutical company Seattle Genetics did not resume the phase I/II trial of vadastuximab talirine monotherapy in pre-and post-allogeneic transplant AML patients. As part of resuming the clinical trial programme, additional risk mitigation measures were implemented in all vadastuximab talirine clinical studies, including revised eligibility criteria and stopping rules for VOD. However, in June 2017, patient enrolment and treatment in all vadastuximab talirine clinical trials were again suspended due to higher rates of death (including fatal infections) in the intervention arm as compared to those in the control arm. Based on these unexpected and disappointing results, it is currently unclear if the trials will be resumed.
Immune checkpoint inhibition
Immune-checkpoints, including cytotoxic T-lymphocyteassociated protein 4 (CTLA4) and programmed cell death 1 (PD-1, also termed PDCD1) have been identified as important mechanisms for tumour cells to escape immune surveillance. Blocking these checkpoints resulted in remarkable clinical response rates in solid cancers, particularly in melanoma (Robert et al, 2014) and non-small cell lung cancer (Giroux Leprieur et al, 2017) but also in Hodgkin (Ansell et al, 2015) and non-Hodgkin lymphomas (Lesokhin et al, 2016) . In addition, blocking PD-1/PD-L1 (also termed CD274) pathways has been shown to enhance anti-leukaemia responses by unleashing T-cells in murine models of AML (Zhang et al, 2009) . Azacitidine up-regulates PD-1 and PD-L1 in AML, which have been associated with resistance to azacitidine (Yang et al, 2014) , providing rational to the combined therapy with azacitidine and a PD-1 inhibitor. Early results of a phase I/II trial combining azacitidine with the PD-1 inhibitor, nivolumab (Opdivo â ; Bristol-Myers Squibb), in 51 relapsed/refractory adult AML patients (median age, 69 years; range, 45-90 years) were presented at the 2016 ASH Meeting (Daver et al, 2016) . The first six patients received azacitidine 75 mg/m 2 days 1-7 with nivolumab 3 mg/kg on days 1 and 14. Courses were repeated roughly every 4-5 weeks as long as clinical benefit was observed or until unacceptable toxicities occurred. Only one of six patients had a dose-limiting toxicity (grade 3 pneumonitis) and this dose was established as recommended phase II dose. Forty-five additional patients were treated at this dose and responses were assessed at the end of three courses. So far, 35 patients were evaluable for response: ORR was 59%, including CR/CRi in 18%. Responses were durable with an acceptable toxicity profile. Median OS was 9Á3 months, which compared favourably to historical survival data achieved with salvage azacitidine monotherapy in a comparable patient population. Grade 3/4 and grade 2 immune mediated toxicities were observed in 7 (14%) and 6 (12%) patients, respectively. These included 8 episodes of pneumonitis, 2 nephritis, 2 transaminitis and 1 skin rash. One patient died from pneumonitis/epiglottitis. In the remaining 12 cases, the toxicities responded rapidly to steroids and all 12 patients were successfully re-challenged with nivolumab. 
Other compounds in clinical development
There are several other compounds and strategies in clinical development in AML and a selected number of agents are discussed below.
Smoothened inhibitors
The Hedgehog signalling pathway (HhP) is aberrantly activated in many cancers, such as basal cell carcinoma (BCC), medulloblastoma and rhabdomyosarcoma (Berman et al, 2002; Varjosalo & Taipale, 2008; Merchant & Matsui, 2010) . Additionally, aberrant activation of the HhP has been implicated in the maintenance of leukaemia stem cells in several model systems (Merchant & Matsui, 2010) . Approaches to inhibit HhP signalling have focused primarily on inhibiting smoothened (SMO), a G-protein-coupled receptor that plays a pivotal role within the HhP (Berman et al, 2002) . Several SMO inhibitors have been identified through small-molecule screens and, currentl two of them, vismodegib (Erivedge â ; Roche) and sonidegib (Odomzo â ; Novartis), are approved by the FDA for the treatment of BCC (Lauressergues et al, 2016) . In addition, glasdegib (PF-04449913; Pfizer Inc.) is an oral, potent, selective, small molecule inhibitor, which binds to the SMO receptor, thereby regulating the HhP (Munchhof et al, 2012) . In preclinical studies, glasdegib inhibited SMO in vitro and induced anti-tumour activity in vivo (Sadarangani et al, 2015; Fukushima et al, 2016) Additionally, in vivo treatment of AML cells with glasdegib attenuated the leukaemia-initiation potential in a serial transplantation mouse model (Sadarangani et al, 2015) . Comprehensive gene set enrichment analysis revealed that glasdegib modulates self-renewal signatures and cell cycle progression (Fukushima et al, 2016) . A phase I study has shown that glasdegib can be safely administered in newly diagnosed AML patients at a dose of 400 mg p.o. daily; the recommended phase II dose was 200 mg per day or lower . Main side-effects were dysgeusia, decreased appetite and alopecia. In a randomized phase II study, older patients not eligible for intensive chemotherapy had a significantly better OS when treated with low-dose cytarabine plus glasdegib compared to low-dose cytarabine alone (Cortes et al, 2016b) . Currently, glasdegib is being tested in phase II clinical trials, including one trial in patients with high relapse risk after stem cell transplantation (NCT01841333), and the evaluation within a pivotal phase III trial in combination with intensive chemotherapy is underway.
E-selectin inhibitor
GMI-1271 is a novel antagonist of E-selectin that inhibits the interaction between E-selectin (an adhesion molecule on cells in the bone marrow) and E-selectin ligands and thereby down-regulates cell survival pathways and enhances chemotherapy response (Winkler et al, 2012; Natoni et al, 2016) . Very recently, GMI-1271 (GlycoMimetics Inc.) was granted breakthrough therapy designation by the FDA and orphan drug designation by the European Commission for the treatment of patients with relapsed/refractory AML. The FDA's decision was based on results from an ongoing, singlearm phase I/II trial of 47 adults with relapsed/refractory AML who were treated with GMI-1271 in combination with MEC chemotherapy (DeAngelo et al, 2017a). The ongoing trial enrolled patients to receive escalating doses of GMI-1271 (5-20 mg/kg) plus MEC. GMI-1271 was administered 24 h prior to MEC, every 12 h during MEC, then 48 h postinduction or consolidation. Although the data are premature, the ORR (evaluable in 21 patients) was, at 45%, very promising and with a median follow-up of 11 months, OS was 7Á6 months. The most common grade 3/4 adverse events included febrile neutropenia (36%), sepsis (26%), bacteraemia (13%) and hypoxia (13%) (DeAngelo et al, 2017a) . Further studies, including one in first-line therapy in older patients (DeAngelo et al, 2017b) , are underway.
CPX-351
CPX-351 (Vyxeos â ; Jazz Pharmaceuticals) is a liposomal formulation of cytarabine and daunorubicin in a fixed 5:1 molar ratio which has demonstrated superior efficacy as compared to standard administration in cell culture and animal models (Tardi et al, 2009) . While not strictly a "targeted" therapy, in that there is no specific molecular target or determinant of response, this drug is a formulation of chemotherapy that allows more effective delivery to the malignant cells -so, in a way, it really is a targeted agent. After CPX-351 was evaluated in a phase I study in refractory/relapsed AML patients with promising results (Feldman et al, 2011) , two phase II studies compared CPX-351 to physician's choice of induction chemotherapy in refractory AML patients , as well as to standard "7 + 3" induction chemotherapy in elderly AML patients as frontline therapy . The first study demonstrated an in-trend improved response rate (57Á6% vs. 31Á6%, P = 0Á06), and prolongation of event-free survival (EFS; HR = 0Á59, P = 0Á08) and OS (HR = 0Á46, P = 0Á01) in subgroup analysis in patients with secondary AML . Consistently, the second trial revealed a significant higher response rate (39Á3% vs. 27Á6%) and improvements in EFS (HR = 0Á63; P = 0Á08) and OS (HR = 0Á55; P = 0Á02) for poor-risk patients as defined by the European Prognostic Index (Lancet et al, 2014) . As both trials suggested a clinical benefit of CPX-351, particularly among patients with secondary AML, the substance was taken forward into a randomized phase III trial comparing CPX-351 versus standard induction chemotherapy with "7 + 3" in elderly (60-75 years), newly diagnosed patients with secondary AML (n = 309; NCT01696084) . Again, patients who received CPX-351 (n = 153) had a longer median OS (9Á56 months vs. 5Á95 months; HR = 0Á69; P = 0Á005), EFS (HR = 0Á74; P = 0Á021), and CR + CRi response rate (47Á7% vs. 33Á3%; P = 0Á016) as compared to those who received standard induction chemotherapy (n = 156). While severe AEs were equal (92% vs. 91%) in both treatment arms, 60-day mortality favoured CPX-351 (13Á7% vs. 21Á2%) . Based on these results, the FDA approved CPX-351 on 3 August 2017 for the treatment of adults with newly diagnosed therapy-related AML or AML with myelodysplasia-related changes. It remains to be evaluated if younger patients with secondary AML would also benefit from CPX-351.
Pracinostat
The inhibition of both histone deacetylation (HDAC) and DNA hypermethylation induces re-expression of silenced genes in vitro in cell lines and in primary cells from patients with myeloid malignancies (Glozak et al, 2005) A previous study demonstrated that pracinostat (SB939, MEI Pharma, Inc.) -an HDAC inhibitor -exhibited only modest singleagent activity in patients with relapsed AML (Garcia-Manero et al, 2010) . In an open-label, phase II study, 50 older patients (median age, 75 years; range, 66-84 years) with AML not eligible for induction chemotherapy were enrolled and data pertaining to these patients were presented at the 2016 ASH Meeting (NCT01912274) . Patients received pracinostat 60 mg orally three times per week for 3 weeks, together with azacitidine 75 mg/m 2 days 1-7, administered subcutaneously or intravenously, of a 28-day cycle. Patients received a median of 6Á5 treatment cycles (range, 1-24+ cycles). The CR/CRi rate was 46% and an additional 6% of patients achieved a morphological leukaemia-free state. Median response duration was 13Á2 months (95% CI: 10Á9-21Á5), with 23% of patients (n = 6/26) continuing therapy for between 20Á5 and 29Á5 months. One-and 2-year OS rates were 62% and 45%, respectively These data compare favourably with historical single-agent azacitidine in a similar AML population. A phase III study of azacitidine+/À pracinostat in untreated patients with AML who are ineligible for standard induction chemotherapy is currently recruiting patients (NCT03151408).
Bispecific antibodies
Given that bispecific and chimeric antigen receptor (CAR) Tcells therapies have been reviewed recently (Lichtenegger et al, 2017) , only a brief mention of them is made here. Bispecific T cell engager (BiTE) antibodies have the ability to recruit cytotoxic T cells directly to a specific target antigen, independent of their antigen specificity, thereby leading to Tcell mediated killing of leukaemia cells without pre-or costimulation (Lichtenegger et al, 2017) . AMG-330 (Amgen), a monoclonal antibody directed against CD33 and CD3, demonstrated potent antibody-mediated cytotoxicity in preclinical experiments involving AML cell lines and xenotransplantation models (Friedrich et al, 2014; Krupka et al, 2014; Laszlo et al, 2014) . Currently AMG-330 is evaluated in relapsed/refractory AML patients (NCT02520427).
Conclusions
There are numerous agents at different stages of clinical development for the treatment of AML, but the highest response rates appear to be achieved when new molecularlytargeted therapies are combined with conventional induction chemotherapy -or with each other. We envision a future in which it will be routine to combine targeted agents (e.g. FLT3 inhibitors, IDH inhibitors, etc.) with induction chemotherapy and molecularly-targeted agents will be a standard approach in induction and consolidation, and as maintenance therapy after consolidation. In addition, there is a high need for dedicated diagnostic standards to avoid wrong, ineffective and expensive targeted treatment approaches. Therefore, a common international attempt to move forward the standardization of genetic diagnostics, leading to the recommendation of standardized assays, is mandatory for future use of targeted treatment approaches. National Cancer Institute (NCI Leukemia SPORE P50 CA100632).
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